For many pathogens, the ability to regulate their replication in host cells is a key element in establishing persistency. Here, we identified a single point mutation in the gene for polynucleotide phosphorylase (PNPase) as a factor affecting bacterial invasion and intracellular replication, and which determines the alternation between acute or persistent infection in a mouse model for Salmonella enterica infection. In parallel, with microarray analysis, PNPase was found to affect the mRNA levels of a subset of virulence genes, in particular those contained in Salmonella pathogenicity islands 1 and 2. The results demonstrate a connection between PNPase and Salmonella virulence and show that alterations in PNPase activity could represent a strategy for the establishment of persistency.
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T he species Salmonella enterica is a classic example of the facultative intracellular pathogen that can cause acute and persistent infections (1) (2) (3) (4) . Typhoid fever is a serious manifestation of systemic salmonellosis in humans and involves an estimated 16.6 million new cases per year (2) with between 2% and 5% of the cases developing into the carrier state (3, 4) .
Much of the knowledge of salmonellosis pathogenesis comes from work on the murine salmonellosis model (1, 5) , and this model has been used to define bacterial virulence factors (1, 6, 7) . An important virulence trait of Salmonella is its ability to invade and grow within host cells, and many of the genetic determinants essential for these processes have been well characterized (8) (9) (10) (11) . Invasion of epithelial cells requires the expression of a type III secretion apparatus, which translocates effector proteins from the bacterium to the host cell, inducing the cell to internalize the bacteria by bacterial-mediated endocytosis (8, 11) . Proteins involved in this process are encoded by a large cluster of genes collectively termed Salmonella pathogenicity island 1 (SPI 1). The ability to grow intracellularly, once internalized within the host cell, requires the coordinate expression of additional sets of virulence factors (6) , such as SPI 2 (1, 10) .
Although chronic carriage of Salmonella is recognized as a significant complication that facilitates spread of the disease (2) and predisposes victims to additional clinical conditions (12, 13) the mechanism underlying persistency has remained poorly understood. We discovered the link between polynucleotide phosphorylase (PNPase) and chronic infection while characterizing a mutant of Salmonella typhimurium that was defective in its expression of virulence-associated AgfA fimbriae and known to establish persistent infection in BALB͞c mice (14) .
Materials and Methods
Bacterial Strains and Manipulations. S. typhimurium MC1 (SR-11 variant 3181) and MC2 (4665), a spontaneous mutant of MC1, are described in ref. 14. Strain VV 341 (ref. 15 ; hilA::kan-334) was used as a source for the hilA-inactivating mutation, and Escherichia coli LM106 (16) was used as a source for pnp::Tn5, and the resistance elements were transferred by phage transduction. Strains were grown in LB or on Luria agar with antibiotics as appropriate. For plasmid segregation experiments strains were transformed with plasmid pPIR (17) or pHSG422 (18) . Transductions were carried out by using bacteriophages P1, P22 HTint 105, and KB1 (19) (20) (21) . For array RNA extractions and protein labeling, cultures were grown at 37°C until the OD 600 reached 1.0-1.2.
Mapping and Sequencing of MC2 Mutation.
A random Tn10camd insertion library from S. typhimurium 14028 (22) was transduced into MC1 by P22 transduction selecting for chloramphenicolresistant colonies. Transductants were pooled and used to propagate phage KB1, which was then used to transduce MC2. Chloramphenicol-resistant colonies were screened for agf expression on Congo red plates as described (23) . A single transductant (MC102) that restored wild-type agf expression in MC2 was identified. Chromosomal DNA flanking the transposon insertion was amplified by arbitrary-primed PCR, and the PCR fragments were sequenced by using the primer GACAAGAT-GTGTATCCACCTTAAC and the DYEnamic ET terminator cycle sequencing kit (Amersham Pharmacia). The sequence flanking the site of insertion was determined by primer walking and deposited in the GenBank database (accession no. AF399929).
Purification of PNPase and Activity Assay. The whole (codons 1-721) and truncated (codons 1-614) forms of PNPase were amplified from MC1 chromosomal DNA. PCR fragments were amplified by using primer PNP CGGGATC-CCGATGCGAGAAGATCGGGTATT with either primer PNP1 CCGCTCGAGCGGCTCGGCCTGTTCGCTCGC or PNP2 CCGCTCGAGCGGGATTTCGATGGTGGTGAAGG to amplify the whole and truncated forms of PNPase, respectively. PCR fragments were digested with BamHI and XhoI and ligated into pET21(c) (Novagen). Proteins were expressed in E. coli BL21 pnp::Tn5 and purified as described by the manufacturer. PNPase activity of the purified proteins was determined by using a photometric assay (24) .
Microarray Analyses. The microarrays featured 3,169 of the 4,451 (71%) protein coding genes (CDS) identified in S. typhimurium LT2 genome sequence (25) . Entire CDS were generated by PCR. In addition to the CDS-specific sequence, all primers (SigmaGenosys) had a 19-nt 5Ј overhang: TCCTAGGAGCTCTTCT for forward primers and TGCCTAGGGCTCTTCG for reverse primers. Taking advantage of the overhangs, all CDS were amplified in two steps. CDS were first amplified in a 25-l PCR. A 50-fold dilution was then reamplified with universal primers annealing to the overhangs. Both steps were performed under the same conditions. For 100 l the PCR mix contained 60 pmol of each primer, 1.5 mM MgCl 2 , 200 M dNTPs, and 5 units of HotStarTaq polymerase (Qiagen, Chatsworth, CA). As template 10 ng of chromosomal DNA and 5 l of diluted PCR products were used for the first and second step, respectively. Correct size of the PCR fragments and absence of nonspecific amplification products was confirmed by agarose gel electrophoresis. Validated PCR products were isopropanol-precipitated and resuspended in 50:1 of spotting solution (50% DMSO, 0.3 ϫ SSC). DNA was applied to GAP I-slides (Corning) with an in-house built ''Stanford'' arrayer (26) . Subsequently, slides were treated according to the manufacturer's instructions. cDNA from reference and mutant strains (see below) was labeled with Cy5 and Cy3, respectively. Labeled reference and test cDNA were then combined and hybridized to the microarrays. Each sample was run in quadruplicate and reproducibility was checked with SAM software (http:͞͞www-stat.stanford.edu͞ϳtibs͞SAM͞). For details, see http:͞͞www.ifr.bbsrc.ac.uk͞Safety͞Microarrays͞ default.html#Protocols.
Northern Blot and RNA Decay Analyses. Total RNA was prepared by using the FAST RNA-blue kit (Bio 101) according to the manufacturer's instructions and using cultures as above. Samples of 10 g RNA were analyzed by Northern blotting as described (27) . Internal fragments of the genes coding for 16S rRNA (nucleotides 150-651; GenBank accession no. Z49264), sipC (nucleotides 2880-2379; GenBank accession no. X82670), and ompA (nucleotides 408-912; GenBank accession no. X02006) were amplified by PCR, labeled with [␣-32 P]dCTP (Amersham Pharmacia) with a random prime labeling kit, and used as probes. A radioisotope imaging system (PhosphorImager 445SI; Molecular Dynamics) was used to detect radioactivity.
Protein Analyses. The purity of proteins was confirmed by SDS͞ PAGE (20) . Labeled S. typhimurium proteins were prepared as described (20) . Bacteria were enriched from LB by centrifugation and transferred into methionine-free DMEM (GIBCO) supplemented with glutamine, Hepes, rifampicin, and 35 SPromix (Amersham Pharmacia) at final concentrations of 2 mM, 10 mM, 200 g͞ml, and 50 Ci͞ml, respectively. The suspensions were incubated at 37°C for 30 min, the bacteria were separated by centrifugation, and supernatant proteins were precipitated with trichloro-acetic acid, washed with acetone, and dissolved in 0.3% SDS. Isoelectric focusing and second-dimension separations were carried out essentially as described (28) . After completed runs, gels were fixed in 5% (vol͞vol) methanol and 5% (vol͞vol) acetic acid, dried, and exposed to x-ray film. N-terminal sequences were determined from protein bands separated on SDS͞PAGE and blotted onto Hybond-P membranes (Amersham Pharmacia) by using a Procise cLC or HT sequences (Applied Biosystems) for Edman degradation (Protein Analysis Center, Karolinska Institute).
Site-Directed Mutagenesis. A PCR approach was used to introduce a single point mutation (codon 600, GAA to TAA) in pnp on a 1.8-kb fragment amplified from MC1 chromosomal DNA. Two PCR fragments were generated by using the primer pairs 1 ATACCGTTACGCTGTAAACTGGCATGATGG͞4 pTGA-CATGCATGCATGTCGCCTGGATAACAACCTGC and 2 CCATCATGCCAGTTTACAGCGTAAC GGTAT͞3 ACG CTCGGTCGACGTCGGTTCTACCGATGTTCAGGT. The PCR products were purified and applied as template by using primers 3 and 4 to amplify the modified PNPase gene. The PCR product was digested with SalI͞SphI and ligated into SalI͞SphI-digested pCVD442 (29) . This plasmid was then used to introduce the amber mutation into MC1 by allelic replacement. The mutation was confirmed by sequencing and immunoblot analysis with anti-PNPase antibodies (30) , and the resulting strain was named MC71.
Invasion, Intracellular Replication, and Mouse Experiments. Bacterial invasion of confluent monolayers of Madin-Darby canine kidney (MDCK) cells has been described (28) . Bacterial replication in J774-A.1 mouse macrophage-like cells was assessed (20) by using strains carrying pPir (16) . Cells were grown in Hepesbuffered RPMI supplemented with FBS [GIBCO; 10% (vol͞vol) final concentration] and 10 g͞ml of gentamicin sulfate. For studying in vivo replication rates, we performed i.p. challenge of 6-to 8-week-old female BALB͞c mice at doses of 10 5 bacteria͞ mouse (20) . For persistency experiments we used oral challenge (14) , at doses of 10 4 for MC1 and 10 5 for MC2 and MC71.
Results

Mapping a Locus Associated with AgfA Fimbrial Expression and
Persistent Murine Salmonellosis. S. typhimurium strain MC2 is capable of establishing chronic infections in BALB͞c mice. Mice chronically infected with MC2 are unable to clear infection from the liver and spleen and secrete the bacteria for long periods, despite mounting an immune response that protects from challenge with virulent MC1 (14) . Thus, the carrier state in mice resembles the human carrier state of typhoid fever (2-4).
MC2 was originally isolated as a spontaneous mutant of strain MC1 based on its defective expression of Agf fibers. Agf fibers are fimbrial organelles that bind Congo red and soluble fibronectin (14) , contact phase proteins (31) , and promote adhesion to the mouse small intestinal epithelial cells (23) . As the mutation responsible for the altered agf expression was unknown, we used a transposon mapping approach to identify the locus responsible. This process involved phage transduction of random Tn10camd insertions from MC1 into MC2 (see Materials and Methods). Chloramphenicol-resistant transductants were assayed for AgfA expression on Congo red plates (21) , and this screening identified a Tn10camd insertion that restored AgfA expression to MC1 levels in 70% of the transductants, when transduced from MC1 to MC2. In parallel, this AgfA-expressing transductant was shown to cause acute, but not persistent, infection in BALB͞c mice (data not shown). Sequencing of the chromosomal DNA flanking the linking transposon positioned it within a gene homologous to yafK of E. coli, indicating that the mutation responsible for altered agf expression was linked to the yafK locus.
Sequence analysis of an 8-kb region centered on yafK from both MC1 and MC2 revealed a single point mutation in MC2 within a coding sequence showing 97.1% identity to PNPase of E. coli. This mutation altered codon 600 (GAA) to a stop codon (TAA), leading to a truncation of the PNPase protein from 721 aa to 599 aa. Western blot analysis using rabbit antibodies against E. coli PNPase confirmed that MC2 expressed a truncated form of PNPase (Fig. 1A, lanes 1 and 2) . PNPase is a key component in RNA maturation and degradation in E. coli. It acts as a 3Ј to 5Ј phosphorolytic exonuclease with polyadenylation activity, and as a subunit of the RNA degradosome complex (30, 32, 33) . Predictions provided by the RPS-BLAST program (http:͞͞www.ncbi.nlm.nih.gov͞BLAST͞) showed that the truncation in the MC2 pnp ORF would remove the S1 RNA binding domain from the protein. To evaluate whether the truncated PNPase of strain MC2 still retained exonuclease activity, the complete and truncated forms of the Salmonella protein were purified by the overexpression of Cterminal His-tag fusion proteins (Fig. 1B) , and the purified proteins were assayed for exonuclease activity. Exonuclease activity was detected only with the whole form of the protein, indicating that MC2 expresses defective PNPase (Fig. 1C) .
PNPase Acts as a Global Regulator of Virulence Gene Expression.
Based on the function of PNPase in E. coli, we anticipated that the mutation in pnp would have pleiotropic effects. We defined the genes controlled by PNPase activity by doing gene expression profiling on MC1 and MC2 (34) . In short, bacteria were grown in LB, and RNA was prepared from MC1 and MC2, reversetranscribed to cDNA, and fluorescently labeled. Labeled cDNA was used to probe 3,169 PCR-amplified ORFs of the S. typhimurium genome by microarray technology. This analysis showed that 87 ORFs had a significantly increased mRNA level in MC2 compared with MC1 (Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). The current annotation of the S. typhimurium genome sequence assigns a function to 66 of these genes (25) . The majority (50͞66) were members of the SPI 1 or SPI 2 (Fig. 2) or represented unlinked genes functionally associated with the SPIs. Conversely, 22 genes showed reduced expression in MC2 ( Table 2 ), indicating that the full expression of certain genes depends on PNPase activity in Salmonella.
By comparing mRNA stability of the SPI 1 gene sipC and the control gene ompA in the presence of rifampicin, we observed that the half-life of sipC mRNA increased from 2.3 to 4 min in MC2, whereas the half-life of the ompA message was unaffected (Fig. 3) .
The pnp Mutant MC2 Shows Increased Invasion and Intracellular
Replication. It is well established that SPI 1 and SPI 2 effector proteins are involved in invasion and intracellular growth (1, 8) . As SPI 1 and SPI 2 expression was increased in MC2, we determined the concomitant effect on bacterial virulence characteristics. To show that any observed alteration in virulence-associated phenotype was caused solely by the mutation in pnp, we introduced the single point mutation into the wild-type MC1 strain, generating strain MC71 by allelic replacement. The expected truncation of PNPase was verified by immunoblotting ( Fig. 1 A, lane 3) , and the mutation designed was confirmed by DNA sequencing. We then tested the abilities of MC1, MC2, and MC71 to express SPI 1 effector proteins, invade MDCK cells, and replicate in BALB͞c mice and J774-A.1 cells.
The ability of MC2 and MC71 to invade epithelial MDCK cells was significantly increased (Fig. 4A) . This finding was consistent with the observation that selected SPI 1-encoded effector proteins were secreted at higher levels from MC2 and MC71 than MC1 when analyzed by SDS͞PAGE (Fig. 5) and twodimensional gels (data not shown).
Growth rates of the wild type and the bacterial mutants were assessed by measuring the segregation rate of a marker-carrying plasmid with temperature-sensitive replication. During growth above 30°C, each round of replication results in a proportion of bacterial cells that do not inherit the plasmid, which was then used to give a measure of bacterial replication.
PNPase is a defined cold-shock protein in E. coli and Bacillus subtilis, and pnp mutants replicate slower at low temperature (36) (37) (38) . When grown in LB at 37°C or 39°C, the doubling times of MC1, MC2, and MC71 were the same (approximately 20 min) (20) . Replication in the spleens of BALB͞c (B) or macrophage-like cell line J744-A.1 (C) was followed by comparing the segregation rates of plasmid pHSG412 or pPir as a measure of bacterial cell division.
with no difference in plasmid segregation. At 15°C, however, the generation time of MC1 was 2.4 h, and those of MC2 and MC71 increased to 5.6 h, implying that PNPase also contributes to growth at low temperature in S. typhimurium.
In contrast, when experiments were performed in BALB͞c mice after i.p. challenge, plasmid segregation was faster in MC2 and MC71 than in MC1 (Fig. 4B) . This phenomenon was also observed during growth during serial passages in J774-A.1 murine macrophage-like cells (Fig. 4C) . By measuring the actual growth yields (39), we observed that MDCK cells infected with MC2 or MC71 generated significantly more bacteria than cells infected with MC1 (data not shown). These data show that the pnp mutation increased bacterial growth rates during infection of mice or cultured cells.
The pnp Point Mutation in MC2 Is Sufficient for Establishing Persistency. To establish the association between the pnp mutation and the establishment of chronic infection, BALB͞c mice were challenged orally with MC1, MC2, and MC71, and the appearance of persistently infected mice was determined among the longtime survivors 28-30 days postchallenge (Table 1) . At this stage, we could detect neither splenomegaly nor bacteria among the survivors challenged with MC1. In contrast, one-third of mice challenged with MC2 or MC71 showed splenomegaly and splenic bacteria. Mice persistently infected with MC2 and MC71 were also found to contain bacteria in their livers and gall bladders.
Discussion
Many important bacterial pathogens, such as Brucellae, Mycobacteriae, and Salmonellae, have the ability to establish latent or persistent infections (2, 40-42 ), yet the bacterial strategies for resisting sterilizing immunity are largely unknown. Model infections with Brucella and Mycobacterium show the process to be complex and including several apparently unconnected functions (40) (41) (42) (43) . For example, cyclopropanated mycolic acids and isocitrate lyase are involved in peristent Mycobacterium tuberculosis infection in mice (40, 42) , whereas glycine dehydrogenase and nitrate reductase have been implicated in persistency of Mycobacterium bovis (44, 45) . The recent identification of the response regulator MprA (46) as essential for M. tuberculosis persistency implies that persistency is a multifactorial process that relies both on dedicated effector genes and specific gene regulation. Here we demonstrate that a single point mutation in the gene coding for PNPase affects the level of virulence gene transcripts in S. enterica and enables the establishment of persistent infections in BALB͞c mice.
Altering the stability of transcripts is one mechanism by which bacteria alter gene expression and adapt to environmental change (27) . For example, in laboratory strains of E. coli one function of PNPase is to degrade cold-shock protein mRNAs, ensuring their transient expression during bacterial cold adaptation (36) (37) (38) . Conversely, RNase R* of Shigella flexneri has been reported to be required for the expression of the invasion factors IpaB, IpaC, and IpaD (47). Our results with S. enterica show that inactivation of PNPase results in decreased replication efficiency at low temperature, whereas at 37°C or 39°C there is no effect on replication in vitro. An additional pnp-associated phenotype was the inability to bind Congo red at low growth temperature; the wild-type strain MC1 formed rugous dark colonies on Congo red plates, and the mutants MC2 and MC71 formed pale smooth colonies. As binding of this dye correlates with the expression of cold-induced Agf fibers (48), the observation suggests that PNPase activity is required for Agf fiber expression. Indeed, our preliminary observations with agf-lacZ fusions showed a lack of ␤-galactosidase induction in MC2 and MC71 at low growth temperature.
The fact that a single point mutation in pnp enabled S. enterica to establish persistent infection in mice suggests additional functions for PNPase at physiological temperature. Microarray analyses showed that the genes that were most affected by the pnp mutation at 37°C were contained in two pathogenicity islands, SPI 1 containing genes for invasion and SPI 2 containing genes for intracellular growth. This increase in virulence mRNA also appeared translated into an increase in the corresponding virulence characters. The fact that sipC mRNA of SPI 1 has an increased half-life in the pnp mutant suggests a direct link between PNPase activity and virulence gene expression.
Thus, PNPase seems to repress SPI 1 and SPI 2 expression, but is required for AgfA fiber expression, which leads us to ask why certain mRNAs would be more sensitive to PNPase than others. The exoribonuclease activity of PNPase is known to halt stable stem-loop structures (49) , whereas the DNA contained in SPI 1 BALB/c mice (female, 6 -8 weeks of age) were challenged orally (14) with a dose corresponding to LD 30. Mice surviving the acute phase of the infection (7-20 days postinfection) were killed 28 -30 days postinfection, and their spleens were removed for enumeration of bacteria. *Persistent infection was defined by the presence of splenic bacteria and splenomegaly (mean spleen weight 0.97 Ϯ 0.34 g, as compared to 0.16 Ϯ 0.05 g for sterile spleens recovered from the survivors).
and SPI 2 are believed to have been acquired through recent horizontal gene transfer events (1) and show significantly higher AT percentage than the S. typhimurium genome in general. Thus, a possible explanation for the PNPase sensitivity of SPI mRNA might originate from infrequent stable stem-loop structures, possibly reflecting the proportion of AT. Recently, mutants of S. typhimurium have been isolated that show increased replication rates in cultured cells (20, 35) . Interestingly, two of the mutations thus identified inactivate the defined virulence gene regulators phoP͞phoQ and spvR (35) , both of which participate in bacterial intracellular replication (6, 7) . In this context it is interesting to note that inactivation of PNPase also resulted in increased intracellular replication. The expression of PNPase is autoregulated, as well as responding to environmental changes in E. coli (36) (37) (38) . From this finding one may suggest a role for PNPase in degrading mRNAs that adapt the bacteria for host milieu, as does PhoP͞PhoQ and SpvR (6, 7) , and that a disturbance in such a regulation leads to altered expression of selected virulence functions, which causes altered infection pathogenesis. 
